studies published to date suggest that insufficient iodine intake may be a modifying factor in the development of thyroid cancer (5) (6) (7) . A case-control study (5) based largely on postChornobyl cancers from Belarus estimated a threefold higher odds ratio of thyroid cancer at 1 gray (Gy) in subjects whose residence at the time of the accident was in settlements with the lowest level of soil iodine; in addition, use of iodine supplementation was associated with significantly reduced risk of thyroid cancer. Similarly, an ecological study in contaminated regions of Russia (6) estimated an excess relative risk for thyroid cancer at 1 Gy to be twofold higher in areas with median urinary iodine levels in 1996 indicative of severe iodine deficiency (<20 mg/L) compared to essentially uncontaminated areas. In contrast, a large thyroid screening study of exposed young people in Ukraine (7) found no evidence of significant effect modification by iodine status at the time of the initial examination (1998) (1999) (2000) . With the issue unresolved, it remains important to consider background information on iodine deficiency in exposed populations when assessing associations between exposure to 131 I and thyroid disease.
Firm data are lacking on iodine status in regions of Belarus during the year of the Chornobyl accident (2) . An historical report from Belarusian scientists describes an increasing rate of diffuse goiter in the decades from 1970 to 1990 but does not give a specific figure for 1986 (8) . Beginning in 1990, surveys of urinary iodine excretion and thyroid enlargement in the Chornobyl area were undertaken by several international groups. A study of 1680 children in Belarus during 1990-1994 (9) found a 35% prevalence of goiter in some affected areas; the overall frequency of urinary iodine levels indicative of severe iodine deficiency was 10%. In a 1991 study of diffuse goiter diagnosed using ultrasonography-based thyroid volumes and age-specific norms (10) , rates of 18% and 22% were reported for Belarusian children from Gomel (N ¼ 19,273) and Mogilev (N ¼ 23,581) oblasts, respectively. A 1995-1998 survey of 11,562 children from Belarus (11) reported median urinary iodine levels of 79.8 mg/L in Gomel and 49.0 mg/L in Mogilev oblasts, with corresponding palpation-based prevalence rates for diffuse goiter of 23% and 44%.
Little is known about iodine status in Chornobyl-affected areas after the initiation of state iodination programs in 2000/ 2001. Findings from a thyroid screening study in Ukraine based on pre-/postprogram comparisons of median urinary iodine levels, a measure highly sensitive to recent changes in iodine intake, have been described (12) . The objective of this report is to present data on iodine status from a parallel Belarus-American screening study (BelAm) using measurements from two screening cycles corresponding to time periods before and after governmental decrees aimed at reducing iodine deficiency. In addition to urinary iodine concentrations, the prevalence of diffuse goiter at screening is included to reflect iodine status over a longer time period.
Materials and Methods
Approximately a decade after the nuclear plant accident in 1986, we assembled two cohorts of individuals exposed to 131 I from Chornobyl fallout as children or adolescents in Belarus (*12,000 subjects) and the contaminated northern regions of Ukraine (*13,000 subjects) (7). We measured urinary iodine concentrations in spot samples collected from cohort members during standardized screening examinations of the thyroid gland designed to identify cases of thyroid cancer and other thyroid diseases. In each cohort, we have examined median urinary iodine levels for two screening cycles in time periods before and after government programs to improve iodine intake through food and supplements. In addition to patterns by time period, we evaluated iodine status by place of residence and type of residency (urban or rural). Intake of salt, foods, and preparations with high concentrations of iodine were also considered.
The BelAm cohort
Details of the methods of both the Belarus study and the parallel study in Ukraine are available in Stezhko et al. (13) . In brief, the cohort in Belarus was assembled using a database of thyroid radioactivity measurements taken within 2 months after the Chornobyl accident. From the database, we identified 38,543 individuals who were born in Belarus between April 26, 1968, and April 26, 1986 , and attempted to trace them using a variety of sources. These included address bureaus at the oblast and raion levels (administrative units similar to a U.S. state and county, respectively), military registration offices, local departments of education and public health, as well as medical establishments in the localities where individuals lived in April-May 1986. Nearly 5% (n ¼ 1,804) of the potential study subjects were ineligible (incorrect age, died, incarcerated, moved out of the country, etc.) and 20,526 (53.3%) could not be traced. Of the 16,213 individuals who were traced and invited to participate in the study, 11,970 (73.8%) subjects responded and came for screening during the first cycle of examination.
After exclusion of an additional 294 individuals found to be ineligible due to incorrect age (n ¼ 114), incorrect identification (n ¼ 20), lack of thyroid tissue resulting from primary thyroid gland aplasia (n ¼ 10), or no measurements of urinary iodine concentrations (n ¼ 150), there were 11,676 subjects available for analysis in cycle 1 ( January 1997-March 2001). This included three subjects who were screened in 1996 and 65 cohort members who had initial examinations in [2002] [2003] . Of the subjects screened in the first cycle, 9,563 (81.9%) returned for the second screening cycle (April 2001 -December 2004 .
Local institutional review boards in Belarus and the United States approved the study protocol, and signed informed consent was obtained from either study subjects or their guardians.
Screening procedures
The screening protocol included, among other components, a medical history, thyroid palpation by an endocrinologist and an ultrasonographer, and an ultrasonography examination to be performed after palpation by the ultrasonographer. Data on demographic characteristics and residential histories were gathered by questionnaire. We also asked participants to report their dietary intake of iodine: specifically, whether they did or did not use iodized salt; consume foods rich in iodine (defined as seaweed, herring, or other ocean fish); or take iodine-containing vitamins. Spot samples of urine were collected from study subjects in plastic containers. Since most cohort members traveled from their residences to the central screening facility in Minsk, urine samples were not fasting.
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Urine iodine determination. A 3-mL aliquot of each sample was transferred in tightly capped plastic tubes barcodelabeled with a unique identifying number. Specimens were stored in a refrigerator before transfer to the Central Laboratory, where they were maintained at À188C until analysis. Iodine concentrations were measured by the photometric method using the Sandell-Kolthoff reaction as modified by Dunn (14) , and expressed as mg/L. The analytical sensitivity of the assay is 10 mg/L. Strict internal quality control was maintained by plotting results of repeat analysis of two pooled urine samples on Levey-Jennings charts for detection of out-of-control runs. Any run with a control value out of range was repeated. The method of urinary iodine determination was certified at the Laboratory of Pediatrics of the Free University of Brussels (Belgium).
Diffuse goiter. The grade of diffuse goiter was determined at screening based on palpation by an endocrinologist, and was recorded as Grade 0 (no enlargement), Grade 1 (thyroid gland enlargement that is not visible with neck in a neutral position), and Grade 2 (visible thyroid gland enlargement), with Grades 1 and 2 combined for the purpose of analysis. Clinicians carrying out the palpation examinations were given a standardized training program involving demonstration by a clinical supervisor followed by observation of trial examinations and correction of technique as indicated. Trainees were certified only after independent examination of 10 or more subjects, with and without thyroid abnormalities, produced results consistent with those of the trainer. Recertifications were carried out periodically and at the discretion of the supervisor.
Statistical analysis
A major objective of the analysis was to examine median urinary iodine concentration by time period (first and second cycle) for the cohort overall and separately for the three Belarusian oblasts with large numbers of resident subjects at the time of examination (Gomel, Minsk, and Mogilev) as well as for a grouping labeled ''Other'' comprised of the remaining three Belarusian oblasts, where few cohort members resided (Brest, Grodno, and Vitebsk). To evaluate possible regional variation in iodine deficiency within Gomel, Minsk, and Mogilev oblasts, we calculated urinary iodine levels separately for cities and for the two constituent raions with the most resident cohort members. The distribution of urine iodine levels by type of residency was also examined, with urban/rural status defined using the classification of territories and settlements in Belarus (15) applied to the subject's place of residence at the time of first screening. According to these criteria, residence in a city, large town or village, or settlement with some urban features was considered urban. In addition, we evaluated intake of iodized salt, iodinecontaining foods, and supplements by oblast and time period. We also compared median urinary concentrations of iodine by oblast and time period with the World Health Organization (WHO) criteria for assessing iodine status in populations (16) . These define adequate iodine nutrition as !100 mg/L, mild iodine deficiency as 50-99 mg/L, moderate iodine deficiency as 20-49 mg/L, and severe iodine deficiency as 0-19 mg/L.
The distribution of urinary iodine concentrations was skewed to the right but approximated the normal distribution after log e transformation. Transformed geometric means for the total cohort and separately for oblasts and raions were therefore very close to the group medians. Medians are more intuitive central estimates of the continuously distributed urinary iodine concentration. Therefore, in our analyses we estimated geometric means but refer to them as medians throughout the text. The median (geometric mean) urine iodine levels and 95% confidence intervals for each group studied were computed using the LSMEANS option in SAS PROC GLM. Where indicated, models were adjusted for age, sex, and urban/rural status, with the adjusted urinary iodine levels standardized to the cohort's overall distribution of age, gender, and urban/rural status.
The cycle 2 median urine iodine values were compared to cycle 1 using a paired analysis of variance with adjustment for the factors mentioned above, as well as for within-person correlations. Standard chi-square methods were used to compare reported intake of iodized salt and iodine-containing foods and supplements as well as the distribution of urinary iodine concentrations.
Additional goals of the analysis were to evaluate the prevalence rates of diffuse goiter based on palpation at screening for each oblast category and time period and to compare the rates to WHO's 1994 population guidelines for assessing iodine status (17) . According to WHO criteria, a frequency of diffuse goiter on palpation of <5% indicates adequate iodine nutrition, whereas prevalence rates of 5%-19.9% reflect mild iodine deficiency, rates of 20%-29.9% represent moderate iodine deficiency, and goiter prevalence of 30% or greater is indicative of severe iodine deficiency.
All statistical tests were two-sided and considered statistically significant at p < 0.05. Statistical analyses were conducted using SAS software V9.2 (SAS Institute, Cary, NC).
Results
The cohort consisted of residents of Belarus who were 0-18 years old at the time of the Chornobyl accident and had been measured for thyroid radioactivity in the 2 months following. Figure 1 illustrates the geographical distribution of BelAm cohort members by oblast and raion at the time of first screening. The oblast of residence at screening and at the time of the accident are highly correlated (!80% agreement). At both times, the great majority of subjects (*89%) lived in Minsk and Gomel oblasts. At the start of the study, 60.3% of the cohort resided in urban areas. The median age of subjects at first screening was 21.3 years with a range from age 10.9 to 33.4 years. Women comprised 51.2% of the cohort.
For the Belarus cohort as a whole, the age-sex-urbanicityadjusted median urinary iodine levels for cycle 1 are 65.3 mg/L; the median concentrations for Gomel and Minsk oblasts are 68.5 and 68.7 mg/L, respectively (Table 1) . However, the median urine iodine levels for Mogilev oblast in particular and for the Other Oblast grouping are considerably lower, reflecting a greater degree of iodine deficiency.
For the cohort as a whole and for each oblast category, significant increases in urinary iodine concentrations were observed in cycle 2 (Table 1) . A comparison of the overall median levels in cycle 1 and cycle 2 demonstrates a relative increase in median urine concentrations of >70% ( p < 0.0001). Figure 2 , which illustrates by oblast the significant shift to higher values at the time of the second screening, shows that the relative increase was greatest for the oblasts with the lowest median urine iodine concentrations at cycle 1. By the time of the second screening, the median urinary iodine levels in Belarus were in excess of 100 mg/L in every oblast category except Mogilev.
The adjusted medians for Gomel and Mogilev oblast residents showed significant regional differences in both screening cycles (Table 1) . In Minsk oblast, there was significant regional variation in urinary iodine in cycle 1, but the difference was based on the levels in two raions with very few subjects (n ¼ 56 and n ¼ 57), and no significant regional variation is observed in cycle 2 ( p ¼ 0.46).
The age-and sex-adjusted urinary iodine data presented in Table 2 show a significant urban/rural difference, with higher 
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levels in urban areas in all oblasts studied and in both screening cycles. Although we observed significant increases in cycle 2 compared to cycle 1 in both urban and rural populations, the upward temporal trend in adjusted median urine iodine concentrations was more pronounced in rural areas (an 86% increase in rural vs. a 67.5% increase in urban areas, p < 0.0001). For the cohort overall, rates of diffuse goiter by palpation are significantly lower in cycle 2 compared to cycle 1 (in rural areas: 7.2% vs. 17.2%, and in urban areas: 5.6% vs.
16.0%), but there is no urban/rural difference in either time period (not shown).
In all study oblasts, questionnaire-based reports indicated substantially increased use of iodized salt, intake of food rich in iodine, and consumption of multivitamins from the first to the second cycle (Table 3) . For the cohort overall, use of iodized salt increased by 40.9%, reported intake of iodine-rich foods (seaweed, herring, or other ocean fish) increased by 22.4%, and use of multivitamins was also reported more frequently in the second cycle. Table 4 presents data comparing the frequency distributions of unadjusted urinary iodine concentrations by oblast and time period according to the categories defined by WHO (17) . At the time of the first screening, the percentage of subjects with iodine levels in urine indicative of severe iodine deficiency according to WHO criteria (<20 mg/L) was 11.1% for the cohort as a whole and ranged from 23.2% in Mogilev/Other oblasts to 10.4% in Gomel oblast and 7.6% in Minsk oblast. In cycle 2, the percentages in the severely iodine-deficient category dropped to 4.6% in Mogilev/Other oblasts, 3.4% in Gomel oblast, and 2.1% in Minsk oblast. Gomel and Minsk oblasts began cycle 1 with similar proportions of subjects whose urinary iodine levels were indicative of adequate iodine intake (34.7% and 39.5%, respectively), approximately twice the proportion (18.9%) of iodine-sufficient subjects observed in Mogilev/Other oblasts. In cycle 2 the proportion of subjects with adequate iodine intake (58.6% overall) increased across all oblasts, with the increase most pronounced (*2.6-fold) in the Mogilev/Other category.
The data in Table 4 on prevalence of diffuse goiter by palpation (Grade >0) are consistent with this temporal trend, 
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with the rates for cycle 2 showing a striking decline in each of the oblasts studied (15.4% to 6.7% in Gomel, 17.8% to 5.2% in Minsk, and 19.2% to 6.5% in the Mogilev/Other grouping).
Discussion
In this report describing the iodine status of the cohort of young people exposed to Chornobyl fallout in Belarus, the most striking observations related to temporal trends. Over the two time periods examined-a combined total of 8 calendar years-median urine iodine concentration for the cohort as a whole increased significantly from 65.3 to 111.5 mg/L, in a range considered by WHO to represent adequate iodine intake. The prevalence of goiter, reflecting iodine status over a longer period than urinary iodine concentrations, decreased almost threefold, to a rate of 6.1% for the cohort overall, close to the 5% prevalence WHO defines as indicating iodine sufficiency. Thus, the temporal changes in these two population measures of iodine status are consistent with one another and coincide with public health programs to improve iodine intake that were undertaken during this time period.
In March 2000, a governmental decree by the Chief Sanitary Doctor of the Ministry of Health (N11) mandated that all table salt should be iodized using potassium iodate, rather than the less stable potassium iodide used previously, at a concentration of 40.0 AE 15.0 mg/kg of salt. In addition, a nation-wide program was mounted to educate the population concerning the benefits of iodized salt. However, according to republican law, markets in Belarus had to stock both noniodized and iodized salt and it was left to consumers to make the choice. As a result, reported use of iodized salt in cycle 2, while substantially increased, did not reach the level of 100%. In April 2001, the Belarus Council of Ministers issued a decree (N484) mandating the use of iodized salt in the production of processed foods.
The increases in dietary intake of iodized salt and other iodine-containing products were observed in all parts of Belarus, suggesting that these official iodinization initiatives were effective throughout the country. Although the governmental approaches were presumably easier to implement for urbanites, the impact of the program reached rural populations as well, due in part to construction of new shops supplying iodized processed foods to rural areas. In fact, the Since the World Health Organization criteria regarding goiter prevalence and iodine intake are based on data not adjusted for sex, age, and urban/rural status, unadjusted urinary iodine concentration values were used in the table. HATCH ET AL.
upward trend in urinary iodine levels from the first to the second time period was more marked in rural than in urban residents. In both cycles 1 and 2, the lowest levels of urinary iodine were found in Mogilev oblast. The low levels at cycle 1 may reflect the iodine content in local soil and water. A map of stable iodine in soil based on measurements made in the 1960s (18) indicates that, historically, the Mogilev area had levels at the lowest end of the range (0.56-0.94 mg/kg). Gomel oblast had a wide range of soil iodine levels up to and including 5.0-18.2 mg/kg, and measurements in Minsk city/oblast showed soil iodine content in an intermediate range. The lower levels at cycle 2 probably result principally from the low baseline levels since implementation of the government's iodine program was intended to be uniform across oblasts. As mentioned above, in spite of its low median urine iodine levels in cycle 1, Mogilev showed a large relative increase in median levels compared to other oblast categories at the time of cycle 2.
The descriptive study reported here has several strengths, including a large sample size, data on many factors of interest, and a standardized approach to urine collection and handling as well as repeated measurements over a time span of eight years. A limitation is the reliance on nonfasting spot urine samples. The gold standard for estimating individual iodine excretion has been a 24-hour urine collection. For large studies, however, such an approach is untenable. So long as the study sample is sufficiently large, the median figure for the spot urinary iodine concentrations is a reliable measure for application to populations since, with large numbers, the variation in daily iodine intake and urinary volume is leveled out (19) . Andersen et al. (20) have estimated that a precision range of AE 5% requires 200-500 spot urine samples per subgroup for confidence intervals corresponding to 95% and 80%, respectively, whereas a precision range of AE 10% requires from 50 to 100 spot samples per subgroup. According to these guidelines, our urinary iodine data based on spot samples are sufficiently reliable for the descriptive analyses we have carried out.
Urinary iodine concentration reflects only current iodine status. To provide a better indication of iodine nutrition over an extended period, we analyzed data on prevalence of diffuse goiter by palpation. In the absence of extensive training, estimation of diffuse goiter by palpation can be subject to both inter-examiner variation as well as overdiagnosis of small thyroid enlargements, particularly in populations with mild iodine deficiency (21, 22) . However, given the extensive, standardized program of training and certification our examiners received, we consider the goiter rates reported here to be sufficiently reliable and valid.
Thyroid enlargement can also be determined based on ultrasonography examination (23) . Although sonographic measurements are considered more precise than thyroid palpation, they are also somewhat subjective and can be affected by measurement error and variation in the shape of the thyroid lobes (24) . Moreover, interpretation of goiter prevalence based on such estimates requires age-appropriate normative data from local controls (25) , ideally children with adequate iodine intake (26) . Since there are no widely accepted referent data for our young population, we had reservations about utilizing ultrasonography-based measures of thyroid enlargement. Nonetheless, we did conduct an analysis to examine whether, within each oblast, the distribution of absolute thyroid volumes categorized by quintiles from low to high was associated with the adjusted median urine iodine concentrations. None of the oblasts studied showed a trend toward lower levels of median urine iodine with increasing thyroid size, either in cycle 1 or cycle 2 (data not shown). While urinary iodine concentrations represent current iodine status, increases in thyroid volume from insufficient iodine intake may resolve more slowly when iodine intake improves (2) . In addition, because the vast majority of our goiters were Grade 1, it is possible the lack of association could partly reflect the limited range in thyroid size. When we split the thyroid volume data into two categories [low vs. high using the criteria from Rasmussen et al. (23) ], we observed a significant association between enlarged thyroid volume and reduced urine iodine levels, particularly in Minsk and Mogilev oblasts (not shown). The association was no longer significant in cycle 2, after the introduction of government iodination programs.
The urinary iodine findings reported here for Belarus can be compared with those we published previously based on measurements of 11,926 subjects in a parallel screening study in Ukraine (12) . Although the iodination programs and/or implementation may have been different in Ukraine and Belarus, in general terms the results were similar. Iodine concentration levels increased significantly in the time period following government initiatives; median concentrations varied by place of residence, were higher in urban than rural areas, and increased more rapidly in rural regions; reported dietary intake of iodine-containing products rose significantly in the second screening cycle. However, the study area in Ukraine was more iodine deficient at the start, with a cycle 1 median urine iodine level of 41.7 mg/L compared to 65.3 mg/L in Belarus, and improvements in iodine intake over time were more modest (an increase of *14% in median urine iodine levels vs. an increase of >70% in Belarus). As a result, by the time of the second screening in Ukraine, none of the study regions (Zhytomyr, Chernihiv, and Kyiv oblasts as well as Kyiv City) and only a small percentage of the cohort (18%) had urinary iodine levels indicative of iodine sufficiency, although the period of follow-up was shorter than in Belarus.
Earlier surveys of iodine excretion and goiter prevalence in the Chornobyl region beginning 5 years after the accident also found the affected areas of Ukraine to be more iodine deficient than Belarus (9) (10) (11) . In a 1991 study of diffuse goiter diagnosed using ultrasonography-based thyroid volumes (10) , rates in the Kyiv (54%) and Zhytomyr (38%) regions of Ukraine were more than double those in the Gomel (18%) and Mogilev (22%) regions of Belarus. Under these circumstances, more time and sustained effort may be required to bring widespread iodine sufficiency to northern Ukraine.
Differences in iodine status should be borne in mind when interpreting results from studies of 131 I exposure from the accident at Chornobyl and estimated risk of thyroid cancer among exposed children and adolescents. Historical evidence based on iodine content in soil (18) and reported trends in populations [reviewed in (2) and (27) ] as well as data gathered 5-10 years after the accident (9-11) and those presented here appear to indicate that heavily contaminated Gomel oblast seems to have a lower level of iodine deficiency than some other parts of Belarus. At the same time, the strongest evidence to date for a modifying effect of stable iodine on radiation risk of thyroid cancer comes from a study (5) in which 68% of total cases were drawn from Gomel, and iodine status for individual subjects was based on the content in soil in the settlement of residence at the time of the accident. The important issue of joint effects on thyroid cancer risk from iodine deficiency and radioiodine exposure deserves to be pursued.
Conclusions
In summary, the principal findings from our analyses of iodine status in Belarus-namely, the substantial temporal shift upward in urinary iodine concentrations and a corresponding decline in prevalence of diffuse goiter between the two screening cycles-appear to be largely attributable to government initiatives aimed at promoting iodination during this time period. The increases in dietary intake of iodine-containing foods and preparations reported in cycle 2 also support this view. Based on median urinary iodine concentrations, the Belarus cohort overall had become iodine sufficient by the time of the cycle 2 screening examinations. However, evaluation of regional differences at the oblast level identified the Mogilev area as an exception. In addition, residents of rural areas have also not yet achieved iodine sufficiency. Although participants from Mogilev oblast and rural areas in general have shown notable improvement, further efforts will be required to bring adequate iodine intake to these population subgroups. The significant temporal changes in urinary iodine levels and prevalence of diffuse goiter observed in our study have implications for analysis of radiation-related risks of thyroid diseases in Belarus.
